We investigate resonance absorption of incident light energy in a multilayered grating, which is a stack of metal and dielectric films periodically corrugated in one direction. The absorption is associated with two kinds of resonant scattering in a multilayered structure: excitation of coupled surface plasmons on a thin metal film and resonance of electromagnetic fields in a dielectric film (or slab) embedded in a thin metal film. Results of numerical computation confirm the presence of the resonant scattering and show interesting behaviors in the absorption phenomenon.
Introduction
A multilayered grating, i.e., a stack of periodically corrugated metal and dielectric films, has an interesting property known as the resonance absorption [1] , which causes strong absorption of incident light energy in addition to the constant absorption corresponding to the reflectivity of metal. The resonance absorption in a multilayered grating has been of considerable interest since we can expect much complex behaviors in the resonant phenomenon by virtue of the presence of layered structure.
In this paper we investigate the resonace absorption in a multilayered grating by analysing diffraction of light from the grating. We employ Yasuura's modal expansion method [2] in solving the diffraction problem. Focusing our attention on the excitation of surface plasmons, we first investigate the resonance absorption in a sinusoidal silver film grating (i.e., vacuum-silver-vacuum). It is known [3] that if the metal film is thin, simultaneous excitation of surface plasmons occurs on both surfaces of the film; the plasmons interfere each other and produce two coupled plasmon modes, a short-range surface plasmon (SRSP) and a long-range surface plasmon (LRSP). We confirm the excitation of coupled plasmon modes in a sinusoidal silver film grating [4] . Next we show the results for a multilayered structure, vacuum-silver-SiO 2 -silver-vacuum, and observe the resonance of electromagnetic fields inside an SiO 2 film embedded in a silver film.
Conical Diffraction of Plane-wave from a Multilayered Grating
Incident light V Figure 1 : A multilayered grating and coordinate system.
In this section, we first formulate the problem of plane-wave diffraction by a multilayered grating placed in conical mounting where the plane of incidence is not perpendicular to the grooves. Then we briefly describe the numerical algorithm based on Yasuura's method for solving the problem. The time factor exp(−iωt) is suppressed.
In Fig.1 we show the structure of a multilayered grating and coordinate system. The grating consists of a stack of (L−1) thin films periodically corrugated in the X -direction. The incident and transmitted region are denoted by V 1 and V L+1 , respectively. Each region inside the multilayer is numbered starting from the incidence side and is labeled by V ℓ (ℓ = 2, 3, · · · , L). The regions V ℓ (ℓ = 1, 2, · · · , L, L + 1) are filled with isotropic and homogeneous media with relative refractive indices n ℓ . The permeability of all the regions V ℓ is assumed to be equal to that of vacuum, µ 0 .
The interface between V ℓ and V ℓ+1 is signified by S ℓ (ℓ = 1, 2, · · · , L) and a point on the interface S ℓ is denoted by S ℓ (x, y, z). We assume that all the interfaces S ℓ are periodic in the x -direction with a common period d and uniform in the y-direction. Thus the profile of S ℓ is given by a periodic function of x
The incident field is given by
Here, P is the position vector for an observation point P (X, Y, Z), k i is the wavevector of the incident wave, and
If we denote by k(= 2π/λ) the wavenumber in vacuum, and the polar angle and azimuthal angle by θ and φ, respectively, the wavevector is given by k i = [α, β, −γ] with α = n 1 ksinθ cos φ, β = n 1 k sin θ sin φ, and γ = n 1 k cos φ.
We denote the diffracted electric and magnetic fields in the region
and H d ℓ (P ) when the incident wave Eq. (2) is illuminated on the grating. We here explain a numerical algorithm of Yasuura's method for finding the diffracted fields briefly. In conical diffraction of planewave, the diffracted fields are decomposed into a TE and a TM component which mean the absence of a Z-component in the relevant electric and magnetic field. We therefore introduce the TE and TM vector modal function defined by
Here, i Z is a unit vector in the Z -direction, and k ± ℓm is the wavevector of the mth-order diffracted wave
Note that superscripts + and -respectively, represent up-and down-going waves that travel in the positive and negative Z-direction. In terms of linear combinations of the vector modal functions, we form approximate solutions for the diffracted electric and magnetic fields in V ℓ :
(N ) = 0 and A TE+ L+1m (N ) = A TM+ L+1m (N ) = 0. In Yasuura's method, the unknown coefficients are determined so that the solutions approximately satisfy the boundary conditions at each interface in the sense of weighted least-squares. Computational implementation of the least-squares problem are detailed in the literature [5] . The power reflection and transmission coefficient of the mth-order propagating mode in V 1 and V L+1 are given by
Resonance Scattering in a Multilayered Grating
Employing the algorithm based on Yasuura's method we investigate plasmon-resonance absorption of light in a thin film grating made of silver. We then show the results for a multilayered grating that consists of a stack of sinusoidal silver and SiO 2 films pairs. 3.1 Plasmon-resonance absorption in a sinusoidal silver film grating
We consider a sinusoidally corrugated thin silver film whose profiles are given by
with e being a thickness of the film. The corrugation depth and the period is fixed as h = 0.03µm and d = 0.556µm. The wavelength of incident light is chosen as λ = 0.65µm. We take the complex refractive index of silver at this wavelength as n 2 = 0.07 + i4.2. A sinusoidal film grating is indicated by V/Ag/V that means a sinusoidal thin silver film sandwiched in vacuum.
(a) Plasmon-resonance absorption Figure 2 shows the normalized power carried away by the 0th-order reflected and transmitted mode, (a)ρ 0 and (b)τ 0 , and the extinction power (c) Abs = 1 − ρ 0 − τ 0 as functions of a polar angle θ. The azimuthal angle is fixed as φ = 30
• and the incident wave is in the TM incidence in which the incident magnetic field H i is perpendicular to the plane of incidence. The thickness takes the value e/d = 0.08 and 0.4 as a parameter. In Fig.2(a) we observe the decrement of the reflected power as a dip of ρ 0 for e/d = 0.4 and as two dips for e/d = 0.08. For convenience, the three dips are labeled by A(θ = 8.80
• ), B(7.62 • ), and C(10.40
• ), as shown in the figure. In Fig. 2(b) , while the transmitted power is negligiblely small in V 3 when the grating is thick (e/d = 0.4), we find the increment of the transmitted power for the thin grating (e/d = 0.08) at the angles of incidence corresponding to dips B and C. Figure 2(c) shows the extinction power absorbed in the grating. In the figure we confirm the partial absorption of incident light at dips A, B and C, in addition to the constant absorption corresponding to the reflectivity of silver. We assume [3] that the absorptions A, B and C, are caused by excitation of the three types of plasmon modes: a single interface surface plasmon (SISP), a short-and a long-range surface plasmon (SRSP and LRSP), respectively. In this paper, we focus our attention on coupled surface plasmon modes, SRSP and LRSP. We, hence, investigate the absorptions B and C which are observed at the angle of incidence θ = 7.62 o and θ = 10.40 o in Figure 2 .
(b) Coupled surface plasmons
We here show that the incident light couples with SRSP and LRSP via the TM component of the -1st-order evanescent mode generated by the grating when the absorption B or C occurs. We examine the expansion coefficients A Fig.2 . In Fig.3 we find the resonance characteristics (enhancement of amplitude and rapid change in phase) in both A We investigate field distribution of the X -and Z -component of the total electric field E X and E Z in the vicinity of the grating surfaces. In Figures 4(a) and (b) we plot the magnitude of E X and E Z along the Z-axis at θ = 7.62 o (B) and θ = 10.40
• (C), respectively. In these figures the ordinate shows the distance in the Z -direction normalized by the wavelength and the parallel broken lines correspond to the grating surfaces. In Fig.4 , E Z is enhanced at both the upper and lower surface of the grating and exponentially decays away from each surface. We thus observe the simultaneous excitation of surface plasmons at the surfaces. We further find that the distribution of E Z is antisymmetric with respect to the midplane of the metal film while E X is symmetric. This implies that surface charges, which are observed as discontinuities of E Z at the surfaces, are symmetric with respect to the midplane of the film. The oscillation of surface charges with symmetric distributions results in the ω − mode of coupled surface plasmons [3] , i.e., the SRSP. We hence suggest that the coupled surface plasmons mode excited at θ = 7.62
• (B) is the SRSP. On the contrary, as shown in Fig.4 (b) the field distributions at θ = 10.40 o (C) show the feature of the LRSP: E Z and E X are symmetric and antisymmetric with respect to the midplane. It is known that surface charges having antisymmetric distributions produce the ω + coupled mode, the LRSP.
Resonance absorption in a multilayered sinusoidal grating
We consider a multilayered grating indicated in L = 4(V/Ag/SiO 2 /Ag/V) that consists of a stack of silver and SiO 2 films pairs. All the interfaces of the films have a common sinusoidal profile with a corrugation depth h and a period d, and thicknesses of the silver and SiO 2 film are denoted by e Ag and e SiO 2 .
We investigate influence of the thickness of the SiO 2 film on resonance absorption. Figure 5 shows the total power ρ total = ρ 0 + τ 0 as functions of θ for three different values of e SiO 2 = d. As listed on the figure, values of parameters are the same as those of Fig. 2 except for L = 4. The curve for e SiO 2 /d = 0.35 is almost same as in a sinusoidal silver film grating (Fig. 2(a) ): Coupled surface plasmon modes, SRSP and LRSP, are excited. On the other hand, in the curve of e SiO 2 /d = 0.300 or 0.305 we find a new type of absorption of incident light, besides plasmon resonance absorption associated with SRSP or LRSP. The absorption is characterized by occurrence over a wider range of θ. For example, in case of e SiO 2 /d = 0.305 the extinction power is more than 50% for all the angles of incidence θ ranging from 0
• to 16
• . In order to examine properties of the wide absorption founded in Fig. 5 , we investigate filed distributions of the total electric field E total and the TM component of the 0th-order diffracted electric field E o and e SiO 2 /d = 0.305. We observe in the figure that the field distribution of E total inside the SiO 2 film indicates the standing wave pattern corresponding to the normal mode of a one dimensional cavity resonator. and that the distribution is almost close to that of E TM 30 . We, hence, conclude that a wide absorption observed in a multilayered grating V/Ag/SiO 2 /Ag/V is associated with the resonance of the 0th-order diffracted wave E TM 30 in the SiO 2 film sandwiched by a sinusoidal silver film grating.
Conclusion
We have described resonance absorption of incident light energy in a multilayered grating. Numerical results presented here confirm the presence of the resonant scattering and show interesting behaviors in the absorption phenomenon. We make progress an experimental work to investigate the resonance absorption in a thin film grating or a multilayered grating.
